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Abstract: Porous asphalt pavement (PAP) system is a widely used treatment measure in sustainable
stormwater management and groundwater recharge, but their variable performance in nitrogen
(N) and phosphorus (P) removal requires further reinforcement prior to widespread uptake. Two
laboratory-scale PAP systems were developed by comparing limestone bedding and zeolite incorpo-
rated into modified zeolite powder porous microsphere (MZP-PM) as a filter column under a typical
rainfall. The PAP system of zeolite bedding incorporated into MZP-PM (a weight less than 5% of
zeolite) removed 74.5% to 90.6% of ammonium (NH4

+-N) and 72.9% to 92.4% of total phosphate (TP)
from the influent, as compared with 25.7% to 62.7% of NH4

+-N and 32.6% to 56.4% of TP by that of
the limestone as bed material. This improvement was presumably due to MZP-PM’s high adsorption
capacity and surface complexation. The formation of ≡(La)(OH)PO2 was verified to be the dominant
pathway for selective phosphate adsorption by MZP-PM and ion-exchange was proved to be the
main removal process for ammonium. This study provides promising results for improving N and P
removal by modifying a porous asphalt pavement system to include an MZP-PM adsorbent column
as a post-treatment.

Keywords: nutrients removal; porous asphalt pavement system; modified zeolite powder porous
microspheres; ion exchange; Nemerow pollution index

1. Introduction

A series of biochemical and physical changes occurred in the urban environment due
to rapid urbanization, including a considerable increase in the stormwater runoff volume
and water receiving bodies degradation [1]. The porous asphalt pavement (PAP) system
can potentially minimize the influence of stormwater runoff in the ecology, hydrology, and
quality of water receiving bodies simultaneously, which has been implemented world-
wide [2]. As reported, the PAP system exhibits high removal capacity for various heavy
metals [3], suspended solids [4], and oils [5], while the removal efficiency of nutrients such
as phosphorus (P) [6] and nitrogen (N) [7] are unsatisfactory.

The quality of water is closely associated with N and P, and excessive N and P would
lead to eutrophication [8]. As quantities of N and P in urban environments result from
stormwater runoff, effective measurements are needed to control before draining [9]. N
removal by porous asphalt pavement varied significantly, which is overall ineffective in
an extended period, mainly due to the limited capacity of adsorption and short contact
time of bituminous mixtures and gravel [10]. Nonetheless, studies also showed that the
PAP system may remove pollutants by biological degradation [11], adsorption [12], and
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export of nitrate under suitable conditions through nitrification in the sub-base. As a result,
researchers are devoted to increasing the ammonia nitrogen (NH4

+-N) adsorption [6] by
various new materials under a saturated zone to improve the elimination of NH4

+-N [13],
but the saturated zone affects the removing performance of the N by high variability, which
influences the strength and stability of the PAP system [7]. Consequently, the improvement
in the removal of total nitrogen (TN) is negligible due to nitrate denitrification in the pres-
ence of a saturated zone [14]. The total phosphorus (TP) contained dissolved phosphorus
(DP) and particulate phosphorus (PP) which were transported by stormwater runoff. The
PAP system has a high efficiency of removing PP, however, it is less effective in removing
DP because its removal mainly depends on P chemisorptions [6]. Razzaghmanesh et al.
reported that the P removal in the PAP system mainly relied on the absorption of voids into
the asphalt mixture and the precipitation on the surface of gravel and the adsorption ability
of the materials in the PAP system for P were affected significantly by the content of calcium
carbonate. Moreover, materials with abundant compounds of calcium and lanthanum prob-
ably influence the removal of P from wastewater [15]. Lanthanum-modified adsorbents
particularly demonstrate several promising advantages during phosphate removal such as
their superior adsorption capacity, wide operating pH range, and high removal rate (96%)
at low phosphate concentrations. Thus, the P removal may be enhanced by integrating such
compounds into the media applied in the PAP system. Zeolite has been broadly explored
for the removal of ammonium due to its high capacity of cationic exchange, which has been
affirmed as a promising material for its removal from contaminated waters. In addition, the
adsorption capacity of the modified zeolite for nitrogen and phosphorus was significantly
improved [16]. It was easy to form powder under the impact of heavy rainfall because
of the fine zeolite particles. These defects limited the application of zeolite in stormwater
runoff treatment. In view of such problems, the development of an adsorbent with high
adsorption capacity utilized in the PAP system to remove N and P simultaneously with
shallower depths and smaller space would be a way worth considering.

NaOH-activated with LaCl3-impregnated synthetic modified zeolite porous micro-
spheres (MZP-PM) were designed in this research. Negatively charged zeolite could act as
good adsorbents to remove cationic pollutants from water [17]. Through the modification
of zeolites, MZP-PM was produced by the method of surface activation at high-temperature
roasting after adding adhesive and porous former, which was applied as a filter column
in the PAP system. This research developed a novel MZP-PM and zeolite bed in the PAP
system for the first time to remove nitrogen and phosphorus in stormwater runoff.

The addition of MZP-PM as a filter column and bedding layer in a PAP system was
expected to enhance the elimination of P and N, both from the runoff of stormwater by
four main ways. Firstly, a significant increase was caused in water retention by bedding
materials [18], promoting the contact time. Secondly, alkaline and lanthanum amendment
could enhance N and P removal by exchanging with sodium for NH4

+-N and surface
complexion for TP [16]. Thirdly, the increase in the particular surface area of MZP-PM gives
a large number of adsorption sites during stormwater infiltration, resulting in remarkable
improvement in the adsorption capacity [15]. Moreover, MZP-PM exhibits a highly stable
performance, which enables the PAP system to remove nutrients without the external
output of zeolite powder.

In this research, a novel technology to improve water quality in the PAP system was
proposed by the post-treatment of a filter column containing MZP-PM. The influences
of water quality on the two laboratory-scale PAP systems were evaluated by comparing
limestone bedding and natural zeolite incorporated into MZP-PM as a filter column under
a typical rainfall. The forms of ammonium and phosphate are identified onto the loaded
MZP-PM, meanwhile, the mechanism of ammonium and phosphate removals are studied.
Findings from the laboratory experiments were employed in optimizing the removal of
nutrients from stormwater runoff by the PAP system.
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2. Materials and Methods
2.1. Materials

In the PAP system, limestone and zeolite were used as bedding material. Zeolite was
a kind of locally available material with the characteristics of low cost and good adsorption
capacity to phosphate [16,19]. The material adopted in the experiment was obtained from
a natural deposit site at Xinyang, Henan, China. The adsorbent was prepared by the
improved method of sinter synthesis as follows: Firstly, 10.0 g of zeolite powder (200 mesh)
was mixed at the stirring rate of 200 rpm for 8 h into a 500 mL beaker containing 200 mL
of 1 M NaOH aqueous solution, then the modified zeolite powder was dried at 373 k for
6 h. Secondly, NaOH-activated zeolite was added into a 0.8% solution of LaCl3 with a
pH of 10.0 at the agitation of 180 rpm for 6 h. This process supported the incorporation
of La on the activated zeolite surface. The acquired material was rinsed with distilled
water and dried at 373 K for 12 h. Finally, the modified zeolite powder was mixed with the
pore-forming agent particles (walnut sand) and the binder (sodium silicate) in a certain
ratio, and a suitable amount of water was added into the pore making machine to make
microspheres of 2 mm. After drying for a while, it was calcinated at 500 ◦C, Figure 1 shows
the details of the preparation of modified zeolite powder porous microsphere used in the
experiment.
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Figure 1. Preparation of modified zeolite powder porous microsphere.

2.2. Experimental Setup

Two PAP systems were assembled parallel with the dimensions of 0.3 m × 0.3 m ×
0.7 m (length × width × height) in perspex containers (Figure 2). Each perspex container
was packed with 10 cm porous asphalt concrete (PAC) with a void ratio of 24.2%, and
30 cm crushed gravel with a void ratio of 37.6%. Below the gravel, in one PAP system a
normal size limestone bedding layer of 1–2 mm was set with a height of 20 mm and in the
second PAP system, a zeolite bedding layer was placed with the same dimensions. Both
PAP systems have the same volume in each layer to make them identical in dimensions.
To separate the surface layer and the choker course a permeable non-woven geotextile
membrane was set at the upper level [20].

The outlet of the zeolite-based PAP system was joined to a horizontal filter column
(50 mm × 600 mm × 50 mm) packed with modified zeolite powder porous microspheres
(MZP-PM) to enhance nitrogen and phosphorus removal. The horizontal filter column was
packed with 1.2 kg material into a 600-mm long polyvinyl chloride (PVC) column. To drain
water from the column’s outlet, a peristaltic pump was connected.
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Throughout the experiments to ensure a constant quality of water, synthetic runoff
stormwater was prepared by mixing de-chlorinated tap water with sediments collected
from a local stormwater wetland with different concentrations of nitrogen and phosphorus
(NH4

+-N and TP). The concentrations of NH4
+-N were 5.2 ± 0.2 mg/L and TP were

1.2 ± 0.1 mg/L, the same as reported by the urban stormwater runoff [21,22]. A simulated
event of rainfall with total precipitation (82.31 mm), an average intensity (0.63 mm/min),
rainfall duration (120 min), and 5 years return period were designed through the Rainstorm
Intensity Formula of Nanjing. While the renowned Chicago method [23] was adopted to
design the temporal distribution of the event, the rainfall event with 120 min of duration,
step time of 5 min, 5 years of return period and γ = 0.40 were set as in the experiment.
Samples were collected from the initial flushing effluent to evaluate the preliminary effects
of the PAP approach on the removal of NH4

+-N and TP, and the sample was collected
every 15 min from the time of water discharge in the study.

2.3. Batch Experiments

Laboratory batch experiments were conducted to understand the nutrients’ removal
efficiencies of the basalt bed, zeolite bed and MZP-PM filter. Batch experiment data
was used to obtain batch adsorption isotherm of these materials. Adsorption tests were
performed at the initial concentration of N and P of 20 mg/L and 5 mg/L, respectively,
and shaken with different doses of zeolite, basalt or MZP-PM in 100 mL solutions. The
suspensions were agitated at 180 rpm for 12 h at 25 ± 0.5 ◦C and pH 6.5. The amount of
nutrients adsorption at equilibrium, qe (mg/g) was calculated using Equation (1):

qe =
(C 0−Ce)V

M
(1)

where, C0 is the initial concentration of NH4
+-N and TP (mg/L), Ce is the equilibrium

concentration of NH4
+-N and TP (mg/L), V is the volume of solution (L), and M is mass of

adsorbent (g).

2.4. Analytical and Characterization Methods

Ammonium and phosphate concentration were measured by Nessler’s reagent col-
orimetric method (limit of quantification 0.025 mg/L) and the ammonium molydate spec-
trophotometric methods (limit of quantification 0.01 mg/L) with the spectrophotometer
at 420 nm and 700 nm (UV-2550, Shimadzu, Japan), respectively. The concentration of
metal ions (Na+, K+, Ca2+, Mg2+) was determined by means of atomic absorption spec-
trophotometry (AAS, Aoyan, China). Surface morphology and chemical compositions
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of the absorbent were determined by scanning electron microscopy (SEM, ZEISS-EVO18,
Germany) and energy-dispersive X-ray spectroscopy (EDS, INCA ENERGY 350, UK).
FTIR spectra were collected on Nicolet IS10 FTIR spectrophotometer (Bruker -Alpha, V70,
Thermo scientific, New York, NY, USA) using a transmission model from 400 to 4000 cm−1.
X-ray photoelectron spectra (XPS) were collected on Kratos Axis Ultra DLD instrument
equipped with a mono-chromated Al Kα irradiation. The XPS results were collected in
binding energy forms and fitted using a nonlinear least-squares curve-fitting program
(XPSPEAK41 Software. Versions: 4.1).

2.5. Assessment of Water Quantity

The extent of pollutant concentrations was assessed by comparing water quality
parameters against a range of national criteria. The pollutant indicators NH4

+-N and
TP were assessed for compliance with Class IV of Surface Water Environmental Quality
Standards of China (GB3838-2002) and Class I-B of Discharge Standard of Pollutants for
Municipal Wastewater Treatment Plant of China (GB18918-2002).

Nemerow Index Method is commonly used to evaluate the integrated and comprehen-
sive pollution status of the pollutants of a water body. In this method, a single factor index
was firstly calculated, then the average values were determined and finally, the maximum
value was selected and used to calculate the Nemerow index value, as per the following
formula [24,25]; The calculation formulas are as followed:

Pi =
Ci

Si
(2)

Pi =
1
n

n

∑
1

Ci

Si
(3)

Pi max= max
{

Ci

Si

}
(4)

Pn =

√
P2

i max + P2
i

2
(5)

where Pi is the single factor index of individual pollutants, Ci represents the actual mea-
sured concentration of pollutants in the effluent and Si represents the standard guideline
concentration of the respective pollutants (based on water quality standards of Grade
V for surface water in China). Pn represents the integrated index, the Nemerow index
which explains the extent of nutrient pollution, Pi indicates the mean value of and Pimax
represents the maximum value of Pi. This method will provide a rational interpretation of
nutrient contamination at each sampling time as a whole.

3. Results
3.1. Batch Experiments

The batch adsorption data (Figure 3) were analyzed through the Langmuir and Fre-
undlich adsorption models [26]. The corresponding model constants and correlation
coefficients are summarized in Table 1. The Langmuir adsorption model fitted well to
the data for the nutrients in all three materials (R2 = 0.962–0.997), demonstrating that the
adsorption sites on these materials were homogeneous with monolayer adsorption cover-
age. The Freundlich model fitted satisfactorily to the data only for zeolite and limestone
bedding materials. However, the model fitting to the data was generally better through
the Langmuir model compared with that using the Freundlich model, especially for basalt
bedding material and MZP-PM. The deviation of NH4

+-N adsorption data for MZP-PM
was relatively large upon fitting through the Freundlich model, which agrees well with
previously reported results when using modified zeolite adsorbent [19,27].
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Table 1. Langmuir and Freundlich model parameters for NH4
+-N and TP adsorption in zeolite,

limestone and MZP-PM, and coefficients of determination for the models fits the data (R2).

Material Pollutants
Langmuir Freundlich

Qmax (mg/g) R2 KL (L/mg) KF (mg/g (L/mg)1/n 1/n R2

Limestone
NH4

+-N 1.31 0.992 0.053 0.11 0.71 0.917
TP 0.55 0.997 0.103 0.17 0.59 0.981

Zeolite
NH4

+-N 3.34 0.986 0.036 0.32 0.43 0.956
TP 0.42 0.994 0.112 0.14 0.63 0.954

MZP-PM
NH4

+-N 9.72 0.972 0.028 0.91 0.39 0.923
TP 1.23 0.965 0.32 0.23 0.49 0.946

KL and KF are the correlation constants of Langmuir and Freundlich models respectively, n is an empirical
constant reflecting the adsorption capability, R2 is the correlation coefficient in the fitting process.

The maximum of Langmuir adsorption was obtained from the linear plot slope of
the Ce/Qe vs. Ce for the pollutants followed the order of NH4

+-N > TP for all of the
bedding materials. The order of adsorption capacities of the three bedding materials were
MZP-PM > zeolite > limestone for NH4

+-N and MZP-PM > limestone > zeolite for TP. This
result demonstrates that the MZP-PM was the best among the three kinds of materials.
The maximum adsorbed capacities by Langmuir adsorption model were 9.72 mg/g and
1.23 mg/g for NH4

+-N and TP, respectively; for MZP-PM, exhibiting the enhancement of
7.4 and 1.7 times by limestone (1.31 mg/g for NH4

+-N and 0.55 mg/g for TP) respectively,
which was superior to other adsorption systems in dealing with stormwater runoff [28].
Previous studies also showed the lanthanum-modified bentonite adsorbent [29] had greater
phosphate adsorption capacity than MZP-PM, while nitrogen and phosphate could not be
removed simultaneously. Thus, it probably provides the potential to be a capable adsorbent
in the PAP system to stormwater for NH4

+-N and TP removal.

3.2. Removal of Ammonium and Phosphate in PAP Systems

The removal efficiency during a typical rainfall for NH4
+-N and TP was shown in

Figure 4. A declined trend was observed in the effluent water quality in the PAP system as
the duration of rainfall was prolonged. The effluent water quality order with the whole
rainfall event processing was MZP-PM > zeolite bedding > limestone bedding. The results
showed that the collective removal of nutrients by zeolite (33.7–62.7%) was slightly higher
than that of limestone (26.3–56.4%) (Figure 4) whilst the heights of zeolite applied in the
PAP system were the same. The amounts of nutrients removed by the limestone PAP
system were much lower. It may be due to the higher adsorption potential of the zeolite of
the Langmuir model (Table 1). On the other hand, the removal was insufficient because
the high concentrations of nutrients in the effluent would adversely affect the aquatic
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organisms and plants in the urban rivers [30]. The post treating with a horizontal filter
column packed with MZP-PM gave greater removal of nutrients (82.2% NH4

+-N and
81.9% TP). An additional amount of nutrients was removed by MZP-PM, equivalent to
4.2% of the volume of zeolite and limestone, which was considerable. It is due to the
extremely elevated adsorption ability of MZP-PM (Langmuir adsorption capacities of 9.72
and 1.23 mg/g for NH4

+-N and TP (Table 1) compared with zeolite and limestone in the
range of 1.31–3.34 mg/g for NH4

+-N and 0.42–0.55 mg/g for TP). The adsorption capacity
of MZP-PM was 3–8 times greater than that of zeolite and 2–3 times greater than that of
limestone. Batch adsorption data in Table 1 showed that MZP-PM had a higher adsorption
capacity to NH4

+-N than that of TP. It had been reported that modified zeolite adsorbents
exhibited higher adsorption capacity [19,26]. However, in the PAP system, the mixture
of nutrients with MZP-PM had a higher adsorption capacity for TP because of the lower
influent concentration of TP (1.2 mg/L) than NH4

+-N (5.2 mg/L). Nevertheless, both the
NH4

+-N and TP were almost completely removed by MZP-PM in the initial stages of the
rainfall event (Table 2).
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Figure 4. Removal efficiency of NH4
+-N (a) and TP (b) in limestone, zeolite bedding and zeolite

followed by MZP-PM during a typical rainfall.

Table 2. Cumulative adsorption of nutrients (qtotal).

PAP System Materials Units NH4
+-N TP

Influent concentration mg/L 5.2 1.2
Total added mg 39 9

Limestone bed, qtotal mg 12.91 4.22
Zeolite bed, qtotal mg 20.28 3.47

Zeolite bed followed by MZP-PM, qtotal mg 32.01 7.37
Limestone bed a % 33.1 46.9

Zeolite bed a % 50.2 38.5
Zeolite bed followed by MZP-PM a % 82.2 81.9

a Percentage of cumulative nutrients adsorption = (cumulative nutrients added—cumulative nutrients in efflu-
ent)/cumulative nutrients added.

The removal efficiency of MZP-PM to NH4
+-N and TP decreased from 90.6% to 74.5%

and from 92.6% to 72.9% as the duration of the rainfall event (Figure 4). This result was
because of a permanent number of adsorption sites on the MZP-PM surface for a fixed dose.
As the rainfall event was enhanced, the adsorption among nutrients would decrease so that
the adsorption efficiency becomes reduced. At the initial rainfall event, all the available sites
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of adsorption on MZP-PM were accessible and involved in removing nutrients so that the
overall adsorption was more efficient. While for the fixed MZP-PM dose, as the cumulative
contents of N and P enhanced, the utilization of accessible adsorption sites enhanced and
as a result, the removal efficiency was reduced [26,31]. Due to the differences in the features
of water quality and quantity of rainfall in different regions, and the adsorption of N and P
by MZP-PM would gradually become saturated. Therefore, it is necessary to discuss the
replacement cycle of the filter column. The tests were performed with continuous rain at an
intensity of 82.31 mm h−1 for 2 h, which is equivalent to 59.76 mm of total rainfall that on
mean value occurred in Nanjing. According to Maryam’s reports [32] and the adsorption
characteristics of MZP-PM in this study (Equation (6)), the approximate replacement period
of the medium is about 15 months.

S =
Qe × 1000

R × D/q × 1100
(6)

where S is the replacement cycle of the filter column, Qe is the adsorption capacities of
MZP-PM, R is the average removal concentrations, D is the water volume, q is the average
intensity of this rainfall and the average annual rainfall in Nanjing is about 1100 mm year−1.

3.3. Water Quantity Assessment

The environmental quality standards for surface water trigger values in China were
employed to evaluate whether the concentration of nutrients in the effluent of the PAP
system was safe to the natural water bodies [33]. The results revealed that the PAP system
with zeolite and limestone bedding layers was unable to reduce the nutrient concentrations
below the trigger values for class IV standard for surface water.

The variations of Nemerow index at various sampling times of three sets of experi-
ments are shown in Figure 5. The nutrients’ concentrations slowly increased until about
90 min while the concentrations in effluent remained constant were between 3.1–3.8 mg/L
for NH4

+-N, 0.7–0.8 mg/L for TP in limestone and zeolite bedding, respectively. By the
end of the artificial rainfall event, from 90 to 120 min, the Nemerow indices in both PAP
systems with limestone and zeolite bedding were approximately close to 1.8. As a result,
they all exceeded the standard water quality of Class V for surface water in China. In
comparison, the Nemerow index of the PAP system with zeolite followed by MZP-PM
increased slowly within the first 60 min, which remained below 0.8 upon the whole rainfall
event, demonstrating that the initial effluent was even capable of meeting water quality
standards of class II for surface water. The effluent gradually dropped to the class IV of
water quality standards in 90 min, even after the end of the rainfall event, but it could
still reach the class V for surface water as the rainfall event continued, which was much
more efficient than the PAP system with limestone and zeolite. The results showed that the
discharge of stormwater from the tested PAP system with MZP-PM as a post-treatment
was appropriate for draining into surface water.

The PAP system with an MZP-PM column was designed to process stormwater runoff
comparatively at low rainfall intensity, which could enhance the nutrients removal. This
enables the PAP system as a perfect low impact developed selection to process small
stormwater events. Although enhanced adsorbent is important for the removal of nu-
trients, MZP-PM (modified zeolite porous microspheres) did not significantly influence
NO3

−-N and NO2
−-N removal in the presented research. Hence, more research is required

in this field, including removal of heavy metals and total nitrogen, analysis period of
adsorption, and minimum pore water contact time in the MZP-PM needed for a target N
and P elimination objective.
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3.4. Ammonium and Phosphate Adhesion onto Loaded MZP-PM
3.4.1. Ammonium Adhesion onto Loaded MZP-PM

The mechanism of ion-exchange for removing the ammonium by MZP-PM could be
achieved by calculating the metal ion concentration in the adsorbing solution of ammonium
onto MZP-PM [34]. The AAS assessment confirmed that the release of Na+ with a minor
metal ion including K+, Mg2+, and Ca2+ during the process of ammonium adsorption. The
equilibrium adsorption of ammonium was 7.94 mg/g shown in Table 3. The concentra-
tion of K+, Mg2+, and Ca2+ equaled the ion exchange contents NH4

+-N (IE-N 6.17 mg)
77.8 ± 2.52%. As a result, the physisorption of NH4

+-N (PA-N 1.77 mg/L) was 22.2 ± 1.76%.

Table 3. Adhesion of ammonium and phosphate adsorbed onto MZP-PM (25 ◦C, pH = 7, initial
concentration of N = 20 mg/L, P = 5 mg/L, time = 24 h).

Qe (N) IE-N PA-N

mg/g mg/g % mg/g %
7.94 6.17 ± 0.21 77.8 ± 2.52 1.77 ± 0.14 22.2 ± 1.76

Qe (P) La-P LB-P R-P
mg/g mg/g % mg/g % mg/g
2.07 1.33 ± 0.08 64.3 ± 3.86 0.43 ± 0.11 20.78 ± 5.31 0.31 ± 0.06 14.92 ± 2.89

3.4.2. Phosphate Speciation onto Loaded MZP-PM

The finding of phosphate speciation by MZP-PM are given in Table 3. The results
demonstrate that a considerable part of phosphate is retained onto MZP-PM because
of the incorporation of La3+ (La-P) with 64.3 ± 3.86%. Therefore, it indicated that the
La-OH groups of MZP-PM were mainly responsible for the adsorption of phosphate. The
20.78 ± 5.31% of loosely bounded phosphate fraction (LB-P) immobilized was related and
the 14.92 ± 2.89 of residual phosphate (R-P) was lower, illustrating that the process of
removal of phosphate by MZP-PM was not irreversible, which would have an important
in the removal of phosphate application. Hence, it was concluded that the mechanisms
of phosphate adsorption on MZP-PM mainly lie on ligand exchange and electrostatic
interaction. The proposed adsorption mechanisms of NH4

+-N and TP onto MZP-PM are
given in Figure 6.
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3.5. Adsorption Mechanism
3.5.1. SEM-EDS Study

The morphology of MZP-PM before and after the adsorption during experiments
is presented in Figure 7. The SEM images indicate that NH4

+-N and TP were adsorbed
onto MZP-PM, leading to the distribution of spherical particles onto the surface, and the
protuberances formation (a stacking structure) reduced the intra-particle void size. The
morphology of MZP-PM become changed after the adsorption of phosphate into crystal-
lization onto the active sites, which increased the particle size. EDS analysis confirmed the
existence of O, Ca, La, Na, Al, and Si as the major elements in the composition of MZP-PM,
indicating the possible formation of the La-P complex. The given observations were in
accordance with the results of phosphate speciation onto loaded MZP-PM. From another
point of view, the weight of Na+ decreased from 9.5% to 4.5% upon the adsorption of
NH4

+-N and TP. Thus, this phenomenon decreased the Na+ and the existence of N in the
EDS image demonstrated the exchange of Na+ with NH4

+-N.
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Figure 7. Scanning electron microscopy (SEM) images and corresponding EDS data of MAP-PAM
before adsorption (a,b) and after adsorption (c,d).

3.5.2. FTIR Study

The FTIR spectrum of MZP-PM before and after the adsorption of NH4
+-N and TP

are shown in Figure 8. The typical broad peaks at 3429 cm−1 and 1625 cm−1 corresponded
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to the hydroxyl group blending and stretching vibration of adsorbed water [35], respec-
tively. The MZP-PM showed several new adsorption peaks at 1401 cm−1 and 1076 cm−1

upon adsorption compared with the original one, which was associated with the N-H
symmetric bending vibrations, the change in the intensity of the two absorption peaks
may be caused by the hydrolysis of La2O3 on the surface of the zeolite to form La-OH
hydroxyl group. This result indicates that the elimination of NH4

+-N onto the MZP-PM
was majorly done through chemisorptions. The occurrence of NH4

+-N was ascribed to
the Na+ ion exchangeability in MZP-PM with NH4

+ in the solution. A small broad and
weak band at 1076 cm−1 presumably resulted from the characteristic of the asymmetric
stretch vibration of P-O. Thus, it was concluded that the hydroxyl group of MZP-PM can
be replaced through ligand exchange by the adsorbed phosphate. The results were in
good agreement with previous studies, showing that at neutral pH the ligand-exchange
processing resulted in the development of protonated mono and bi dentate species on
lanthanum oxide surfaces [19,36].
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Figure 8. FTIR spectra of MZP-PM before and after reaction with NH4
+-N and TP.

3.5.3. XPS Study

The XPS spectra of MZP-PM before and after the NH4
+-N and TP adsorption at

pH 7.0 were investigated. The XPS full-range spectra of MZP-PM before and after the
adsorption are given in Figure 9. The presence of a distinct centered peak at 835.8 eV
indicated the intercalation of La-oxides onto the zeolite powder. Relatively, a distinct
P 2p binding energy peak at 131.7 eV after the adsorption of phosphate onto MZP-PM,
demonstrating the feasible adsorption. The standard P 2p spectrum originated from KH2PO4
purified sample, is appeared at 134.0 eV and the obvious shifts of 0.5 eV to lower energy level
demonstrated the strong affinities between phosphate and MZP-PM. As shown in Figure 9b, c,
the representative satellite peaks of La 3d5/2 for original MZP-PM were located at 834.9 eV
and 838.3 eV, respectively. The phosphate adsorption led to the apparent transformation
of the proportion onto La 3d5/2 double peaks and a visible peak shift to higher binding
energy, indicating the new La-complex formation [37]. The large shifts of 0.6 and 1.1 eV
indicated the existence of strong affinities by metal oxide surface through the formations of
potentially mono and bi dentate inner-sphere surface complexes [38]. The atomic fraction
of Na (1070.12 eV) decreased from 9.5% to 4.5% upon adsorption, implying that NH4

+-N
was most probably eliminated by ion-exchange with Na+, which was in accordance with
the results of the ammonium speciation experiment.
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The concentration of NH4
+-N and TP in the current study were investigated by

the single factor experiment approach. Usually, numerous factors could influence the
elimination efficiency of the PAP system simultaneously with an MZP-PM filter column
in practical road projects. For instance, adsorption and removal efficiencies are affected
by rainfall intensity, temperature, and pollution levels in different seasons. Therefore, in
terms of practical application, further research about the effect of weather conditions, the
conformation of stormwater, and loading levels on the elimination of other contaminants
such as TSS, COD, and heavy metals are recommended.

4. Conclusions

In this work, NaOH-activated with LaCl3-impregnated synthetic modified zeolite
porous microspheres (MZP-PM) were designed, aiming at increasing N and P retention
efficiency by exchanging with sodium for NH4

+-N and surface complexion for TP. Two
laboratory-scale PAP systems were developed by comparing limestone bedding and zeolite
incorporated into MZP-PM as a filter column under a typical rainfall. The following
conclusions were made by the experimental results.

(1) Batch adsorption data from solutions of nutrients mixtures onto the two PAP
system bedding layers and the MZP-PM fitted the Langmuir model with adsorption
capacities in the following order: MZP-PM > zeolite > limestone for NH4

+-N and MZP-PM
> limestone > zeolite for TP.

(2) Augmentation of ammonium and phosphate elimination from stormwater runoff
was effectively achieved in the PAP system with an MZP-PM column of adsorbent as
a post-treatment. During the rainfall events, the study demonstrated by the zeolite or
limestone-based PAP system didn’t remove NH4

+-N and TP in stormwater that passed
through this system completely and the concentrations of nutrients in effluent couldn’t
meet the standard quality of surface water. While a post-treatment with a filter column
containing MZP-PM (<5% of zeolite weight) was added to the zeolite-based PAP system,
72.9–92.6% of the nutrients were eliminated. The combined treatment was satisfactory and
effluent met the standards criteria of surface water.

(3) Speciation pathway and XPS, FTIR analysis established that ammonium removal
was mainly ascribed to exchanging with sodium in the adsorbent, and phosphate adsorp-
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tion mainly followed the surface complexion mechanism, the surface hydroxyl groups
played the key role.
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